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a b s t r a c t
Calumin is an endoplasmic reticulum (ER)-transmembrane protein, and little is known about its
physiological roles. Here we showed that calumin homozygous mutant embryos die at embryonic days
(E) 10.511.5. At mid-gestation, calumin was expressed predominantly in the yolk sac. Apoptosis was
enhanced in calumin homozygous mutant yolk sacs at E9.5, pointing to a possible link to the embryonic
lethality. Calumin co-immunoprecipitated with ERAD components such as p97, BIP, derlin-1, derlin-2
and VIMP, suggesting its involvement in ERAD. Indeed, calumin knockdown in HEK 293 cells resulted in
ERAD being less efﬁcient, as demonstrated by attenuation in both degradations of a misfolded
α1-antitrypsin variant and the ER-to-cytosol dislocation of cholera toxin A1 subunit. In calumin
homozygous mutant yolk sac endoderm cells, ER stress-associated alterations were observed, including
lipid droplet accumulation, fragmentation of the ER and dissociation of ribosomes from the ER. In this
context, the ER-overload response, assumed to be cytoprotective, was also triggered in the mutant
endoderm cells, but seemed to fully counteract the excessive ER stress generated due to defective ERAD.
Taken together, our ﬁndings suggested that calumin serves to maintain the yolk sac integrity through
participation in the ERAD activity, contributing to embryonic development.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Calumin, known also as coiled-coil domain containing protein
47 (CCDC47), is identiﬁed as a novel endoplasmic reticulum (ER)-
resident protein (Zhang et al., 2007). Calumin contains a single
transmembrane domain that spans the ER membrane, with its
carboxyl-terminal region facing the cytoplasm, within which a
coiled-coil domain is harbored. Disruption of calumin gene in mice
causes embryonic or neonatal lethality, suggesting that calumin
plays physiological roles during embryogenesis. Meanwhile, the
physiological role of calumin is not clear.
The ER is the entry site for secretory proteins. Newly synthe-
sized proteins translocated into the lumen of the ER are folded,
post-translationally modiﬁed, assembled into oligomeric complexes,
and ultimately exported to golgi complex. The ER in secretory cells is
heavily loaded with protein (Moore and Hollien, 2012; Marciniak et
al., 2004). Imbalances between the protein synthesis and the protein
processing lead to accumulations of unfolded proteins in the ER
lumen, generating ER stress. In cells under ER stress, so-called the
unfolded protein response (UPR) and the ER-overload response
(EOR) are activated. During the UPR, ER-resident chaperones are
induced (Hetz, 2012). The EOR triggers activation of nuclear factor-
κB (NF-κB) (Pahl and Baeuerle, 1997), a transcription factor that
dictates cell fates.
To prevent unfolded protein accumulation, cells utilize the ER
protein quality control system. This system is essential to maintain
protein secretion machinery (Nishikawa et al., 2005). The quality
control mechanism ensures that improperly folded or unassembled
proteins are removed by the process called ER-associated degrada-
tion (ERAD) (Vembar and Brodsky, 2008). Impairments in ERAD give
rise to ER stress (Duennwald and Lindquist, 2008). During ERAD,
there are ﬁve steps, namely substrate recognition, targeting, retro-
translocation, ubiquitylation and proteasomal degradation (Vembar
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and Brodsky, 2008). Unfolded proteins are recognized by chaperons
and targeted to the retro-translocation machinery (retrotranslocon)
by OS-9. As proteins exit the retrotranslocon, they are polyubiqui-
tylated by E3 ubiquitin ligases, HRD1 and/or GP78 and broken down
into peptide fragments by proteasome. Retrotranslocon is com-
prised of the ATPase p97, and the ER membrane proteins derlin-1
and VCP-interacting membrane protein (VIMP). Derlin-1 is a homo-
logue of Der1, a yeast protein, and it is thought that these are the
prime candidate for the ERAD retro-translocation channel (Lilley
and Ploegh, 2004; Ye et al., 2004; Mehnert et al., 2014). It has been
suggested that derlin-2 and 3 are also involved in ERAD (Oda et al.,
2006). Cytosolic protein, p97 is required for extraction of ERAD
substrates from ER lumen to cytosolic space. VIMP provides the link
between derlin-1 and p97 (Ye et al., 2004). Interestingly, disruption
of derlin-1 gene in mice causes embryonic lethality (Eura et al.,
2012), suggesting that ERAD play an essential role in ER home-
ostasis maintenance during embryo development. In contrast, it
remains to be elucidated in what kind of cell and/or tissue ERAD
function is important during embryo development.
We here have demonstrated that the ER transmembrane
protein calumin would contribute to embryogenesis by maintain-
ing the visceral endoderm cell viability through ERAD.
Materials and methods
Calumin homozygous mutant mice
Calumin homozygous mutant mice were generated and geno-
typed as described previously (Zhang et al., 2007). Mice were
backcrossed with C57BL/6J mice. Mouse experiments were con-
ducted with the approval of the Animal Research Committee at
Kyoto University, according to the regulations regarding animal
experimentation at Kyoto University.
Anatomical analysis
Embryos with their yolk sacs were treated in a ﬁxative solution
containing 3% paraformaldehyde, 2.5% glutaraldehyde and 0.1 M
sodium cacodylate (pH 7.4), and postﬁxed with 1% OsO4 in the
same buffer. The ﬁxed tissues were washed, dehydrated and
embedded in epoxy resin. Thin sections (approximately 1 μm
thick) were stained with toluidine blue for observation using light
microscopy. Ultrathin sections (approximately 80 nm thick) were
stained with uranyl acetate and lead citrate, and were examined
using an electron-microscope (JEM-1010, JEOL, Japan).
Antibody
Antibodies used in experiments are shown in Table S2. For dual
immunoﬂuorescent staining, CF488A-conjugated anti-CCDC47
antibody, and CF568-conjugated anti-derlin-1 and VIMP antibody
were made using Mix-n-Stain antibody labelling kit (Biotum).
Whole-mount immunohistochemistry
Embryos and yolk sacs were ﬁxed in 2% PFA in PBS for 20 min
at 4 1C. To block endogenous peroxidase, the tissues were bleached
in TBS-T (0.1% tween in TBS) containing 0.3% H2O2 for 30 min. The
bleached tissues were blocked in TNT buffer (100 mM Tris–HCl
(pH 7.5), 150 mM NaCl, 0.05% Tween 20) containing 5% normal
goat serum (NGS) for 1 h at room temperature. The tissues were
then incubated with anti-PECAM-1 antibody in TNT buffer con-
taining 5% NGS overnight at 4 1C. After washing in TBS-T, the
tissues were incubated with HRP-conjugated anti-rat IgG antibody
in TNT buffer containing 5% NGS for 2 h at room temperature. After
washing in TBS-T, then immunoreactivity was detected using the
DAB Substrate kit (Vector Laboratories).
in vitro culture of paraaortic splanchnopleural (P-Sp) and
hematopoietic colony-forming activity
P-Sp culture conditions were as described (Takakura et al.,
1998).
Enzymatic separation of endoderm and mesoderm layers of yolk sac
Yolk sac from E9.5 embryo was isolated. The isolated yolk sac
was digested for 30 min in 0.5% trypsin and 2.5% pancreatin in
Hanks balanced salt solution at 37 1C and the endoderm and
mesoderm layer were teased apart with watchmakers forceps.
Western blot analysis
Cells were lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing
protease inhibitor cocktail (Sigma). After centrifugation at 15,000 rpm
for 5min, supernatants were subjected to SDS-PAGE and electrotrans-
ferred onto polyvinylidene diﬂuoride membranes. Protein expression
levels were determined using speciﬁc antibody.
RT-PCR
Total RNA prepared from the yolk sac mesodermal layers,
endodermal layers, embryos or HEK 293 cells was used as temp-
lates for cDNA synthesis (ReverTra ACE qPCR-RT kit, Toyobo).
Expression levels of mRNA were determined by PCR using speciﬁc
primers (Table S3).
Immunohistochemistry
Embryos with their yolk sacs or small intestines were ﬁxed in
4% PFA in PBS for 30 min at 4 1C, and dehydrated through a
methanol:PBS series to 100% methanol. The dehydrated samples
were bleached (methanol:dimethylsulfoxide:30% H2O2 4:1:1) for
2 h at room temperature. The samples were incubated in a 1:1
mixture of 100% methanol: polyester wax (VWR International) at
42 1C for 2 h, and embedded in fresh polyester wax. 8 μm sections
were cut and mounted on PLATINUM microscope slides (MATSU-
NAMI). Sections were washed in 100% methanol to remove the
polyester wax, hydrated through a graded methanol series, and
equilibrated in PBS. The hydrated sections were incubated in
HistoVT One (Nacalai Tesque) for antigen retrieval, and blocked
in TBS containing 2% bovine serum albumin (BSA) and 2.5%
polyvinylpyrrolidone (PVP) for 1 h at room temperature. The
sections were then incubated with ﬁrst antibodies in TBS contain-
ing 2% BSA and 2.5% PVP overnight at 4 1C, washed with TBS at
room temperature and then incubated with second antibodies for
1 h at room temperature. Followed by washing with TBS, the
sections were mounted in VECTASHIELD (VECTOR). The ﬂuores-
cence images were acquired with a ﬂuorescence microscope or a
confocal laser-scanning microscope.
Oil red O staining
Oil red O (0.3%) in isopropyl alcohol solution was freshly made,
mixed with H2O (0.3% oil Red O isopropyl alcohol:H2O 3:2), and
ﬁltered through 0.45 μm ﬁlter. Tissues were ﬁxed in 4% PFA for
30 min at 4 1C, left on a 30% sucrose solution for 5 h at 4 1C
and frozen in Tissue-Tek optimum cutting temperature compound
(Sakura) for cryosectioning. Sections (18 μm) were mounted
on glass slides (MATSUNAMI). Sections were incubated in 60%
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isopropanol for 1 min and then in oil red O solution for 15 min and
in 60% isopropanol for 1 min. After rinse in water, sections were
mounted in glycerol.
Sudan Black B staining
Sudan black B (0.1%) in 50% ethanol solution was freshly made
and ﬁltered through 0.45 μm ﬁlter. Tissues and cryosections were
prepared by methods described in Oil red O staining. Sections
were incubated in 50% ethanol for 5 min and then in Sudan black B
solution for 15 min and in 50% ethanol for 5 min. After rinse in
water, sections were mounted in glycerol.
TUNEL assay
TUNEL assay on polyester wax sections was performed based
on the instructions provided by the manufacturer (in situ Apop-
tosis Detection Kit, TaKaRa).
Isolation of enterocytes from small intestine
Small intestine was removed and placed in iced saline. The
lumen of the intestine was rinsed with saline. The intestine was
ﬁlled with buffer A (96 mM NaCl, 27 mM sodium citrate, 8 mM
KH2PO4, 5.6 mM Na2HPO4, 1.5 mM KCl, pH 7.3), and the ends were
closed. The sac was incubated in buffer A at 37 1C for 10 min,
emptied, and ﬁlled with buffer B (137 mM NaCl, 1.5 mM EDTA,
11.5 mM KH2PO4, 8 mM Na2HPO4, 2.2 mM KCl, 0.5 mM DTT, pH
7.3). After incubation for 20 min at 37 1C, the intestinal sac was
emptied and the extruded enterocytes were collected.
Microsomal preparation from enterocytes
Enterocytes were suspended in hypotonic extraction buffer
(10 mM HEPES (pH 7.8), 25 mM KCl, 1 mM EGTA), and incubated
for 20 min at 4 1C. The cells were centrifuged at 600g for 5 min, and
the supernatant was removed. The cells were resuspended in
isotonic extraction buffer (10 mM HEPES (pH 7.8), 250 mM sucrose,
25 mM KCl, 1 mM EGTA), and homogenized with a Dounce homo-
genizer. The homogenate was centrifuged at 1000g for 10 min, and
the supernatant was further centrifuged at 10,000g for 15 min. To
obtain microsomal pellet, the supernatant was centrifuged at
165,000g for 60 min. The microsomal pellet was solubilized, as
described in the immunoprecipitation method (below).
Immunoprecipitation
HEK 293 cells or microsomes prepared form enterocytes were
solubilized in lysis buffer (50 mM Tris (pH 8.0), and 150 mM NaCl
with 2.5% digitonin plus protease inhibitor cocktail). Antibody was
added to the lysates and incubated with rotation for 1.5 h,
followed by incubation with protein A-sepharose (GE Healthcare
Life Sciences) for 1.5 h. Samples were analyzed by Western
blotting.
Cell culture and transfection
HEK 293 cells were maintained in Dulbecco's modiﬁed Eagle's
medium supplemented with penicillin and streptomycin, and 10%
fetal bovine serum. Transfections were carried out using the
SuperFect transfection reagent (Qiagen).
Sucrose density gradient centrifugation
HEK 293 cells were solubilized in lysis buffer (50 mM Tris (pH
8.0), and 150 mM NaCl with 2.5% digitonin plus protease inhibitor
cocktail). Cell extracts were applied to a sucrose step gradient of
0.1, 0.4, 0.7, 1.0 and 1.3 M sucrose. After centrifugation at
36,000 rpm for 16 h, 500 μl fractions were collected from the
top. Aliquots of each fraction were analyzed by Western blotting.
Plasmid and constructs
The cDNA fragment encoding NHK carrying the C-terminal
haemagglutinin (HA)-tag was subcloned into pcDNA 3.1(þ).
Small interfering RNA
The targeting sequences to knockdown calumin were as follows:
calumin 1649 (50-GAGCAGAGAAGGAGCGAAU-30) and calumin 1827
(50-GCUCUGAAUUCACAGGAAA-30). As a control, scrambled siRNA,
50-AGGGUAAGACGAGAACGGAdTdT-30 (sense) and 50-UCCGUUCUC-
GUCUUACCCUdTdT-30 (anti-sense) was used. The SMARTpool small
interfering RNAs targeted to human derlin-1 (M-010733-03) was
purchased from Dharmacon Thermo Scientiﬁc. The cells were
transfected with 5 nM siRNA using HiPerfect transfection reagent
(Qiagen), according to the manufacturer0s protocol.
Cycloheximide chase assay
Cycloheximide (50 μg/ml) was added to the culture medium,
and the cells were harvested at the indicated time points. The
samples were subjected to SDS-PAGE and analyzed by Western
blotting.
Cholera toxin retro-translocation assay
Retro-translocation assay was performed, as previously described
(Bernardi et al., 2008).
Real-time PCR
Quantiﬁcation of mRNA transcription level was performed by
real-time PCR (Thermal Cycler TP800, Takara). The oligonucleotide
primers used for human β-actin were 50-gagaggcatcctcaccctga-30
(sense) and 50-acatggctggggtgttgaag-30 (anti-sense), and for
human BIP were 50-aacgccaagcaaccaaagacgctgga-30 (sense) and
50-atcgaaggttccgccacccaggtcaaa-30 (anti-sense). The cycle thresh-
old (Ct) was determined from the cDNA ampliﬁcation curve as an
index for relative mRNA content in each reaction.
Measurement of changes in [Ca2þ]i
HEK 293 cells were loaded with 1 μM Fura-2 AM. The fura-2
ﬂuorescence was measured in physiological salt solution (PSS)
contained (in mM): NaCl 150, KCl 4, MgCl2 1, CaCl2 2, glucose 5.6,
HEPES 5 adjusted to pH 7.4 with NaOH. A cooled CCD camera
mounted on a microscope equipped with a polychrometer (Meta
Fluor Imaging System, Universal Imaging) was used to capture
ﬂuorescence images with alternating excitation at 340 and 380 nm
and emission at greater than 510 nm.
Statistical analysis
All data are expressed as means7S.E.M. The data were accu-
mulated under each condition from at least three independent
experiments. Statistical signiﬁcance was evaluated using the t-test
for comparisons between two mean values
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Results
Disruption of calumin gene leads to embryonic lethality at mid-
gestation
Previously, we reported that disruption of calumin gene in mice
caused embryonic or neonatal lethality on a mixed C57BL/6129/
Sv genetic background (Zhang et al., 2007). In contrast, no calumin
homozygous mutant mice were generated by intercrossing of
calumin heterozygous mutant mice backcrossed 64 generations
onto C57BL/6, due likely to embryonic lethality. We then analyzed
the embryos in uteri of pregnant calumin heterozygous female
mice that had been intercrossed with the heterozygous male mice
(Table 1). At embryonic days (E) 8.5–10.5, calumin homozygous
mutant embryos were present at the expected Mendelian fre-
quency. At E11.5 and thereafter, no calumin homozygous mutant
embryos were found alive.
Histological analysis of calumin homozygous mutant embryos
at E8.5–E10.5 revealed several abnormalities (Fig. 1). Calumin
homozygous mutant neural tubes at E9.5 were atrophic relative
to those at E9.0 (Fig. 1A). In calumin homozygous mutant embryos
at E9.5, left ventricles were dilated and myocardium was poorly
developed compared with those in wild-type counterparts (Fig. 1A
and B). There were few blood cells in the dorsal aorta of calumin
homozygous mutant embryo (Fig. 1C). These defects, however,
were preceded by vascular abnormalities in calumin homozygous
mutant yolk sacs and developmental retardation (Figs. 1D and
S1A). Whole-mount immunohistochemical analysis using an anti-
body recognizing platelet endothelial cell adhesion molecule 1
(PECAM-1), showed a lack of organized vasculature in calumin
homozygous mutant embryos and yolk sacs (Fig. S1B and C).
Additionally, vascular smooth muscle cells (VSMC) did not seem
to surround calumin homozygous mutant dorsal aortae or blood
vessels (Fig. S2A and B). On the other hand, in vitro culture system
using paraaortic splanchnopleural (P-Sp) mesoderm explants
(Takakura et al., 1998) revealed that calumin homozygous mutant
explants and their counterparts were equivalently capable of vascu-
logenesis, angiogenesis and hematopoiesis (Fig. S2C and Table S1).
Moreover, key mediators of vascular development (Bohnsack et al.,
2006; Winnier et al., 1995; Astorga and Carlsson, 2007) were similarly
expressed in calumin homozygous mutant yolk sacs and wild-type
controls (Fig. S2D), implying that the abnormal vasculature observed
in calumin homozygous mutant yolk sacs and embryos is a non-cell
autonomous phenotype. Together, it was suggested that calumin
homozygous mutant embryos die between E10.5 and E11.5.
Loss of calumin enhances apoptosis of yolk sac endoderm cells
Given that calumin is required in mid-gestation, we explored
the expression pattern of calumin. As shown in Fig. 2A, calumin
was expressed predominantly in the yolk sac. Calumin mRNA and
protein were detected in the endodermal layer of the yolk sac
(Fig. 2B and C). Expression of calumin in endoderm cells of the
yolk sac was conﬁrmed by confocal microscopy (Fig. 2D). Calumin
was co-localized with ribophorin, a rough ER marker protein
(Fig. S3). Calumin's subcellular localization prompted us to analyze
endoderm cells of the yolk sac by electron microscopy. The calumin
homozygous mutant visceral endoderm cells at E9.5 were charac-
terized by an abnormal accumulation of lipid droplets in the basal
area of the cytoplasm (Fig. 3A), corroborated by Oil red O and Sudan
black B staining (Fig. 3B and C). Additionally, ER structural aberra-
tions such as fragmentation of membranes and dissociation of
ribosomes from the rough ER were observed in calumin homo-
zygous mutant visceral endoderm cells at E10.5 (Fig. 3D). Mean-
while, mitochondrial abnormalities, including mitochondrial crista
destruction and decrease in electron density, subsequent to the
morphological defects in the ER, were observed (Fig. 3E). Consider-
ing that these abnormalities are detected in apoptotic cells (Sun et
al., 2007; Sánchez-Alcázar et al., 2000), we hypothesized that
calumin homozygous mutant visceral endoderm cells undergo
apoptosis. Indeed, TUNEL assays demonstrated that apoptosis was
enhanced at E9.5 in calumin homozygous mutant visceral endo-
derm cells (Fig. 3F). Collectively, calumin is expressed mainly in
endoderm cells of the yolk sac at mid-gestation, and its loss would
cause their apoptosis. Yolk sac endoderm cells are essential to the
maternal–fetal exchange of nutrients until a placenta is formed
(Bielinska et al., 1999; Zohn and Sarkar, 2010). Our results suggest
that apoptosis of calumin homozygous mutant visceral endoderm
cells is a leading cause of the embryonic lethality.
Identiﬁcation of calumin-interacting proteins
Visceral endoderm cells are involved in nutrient uptake and
transport. In addition, endoderm cells serve to secrete a number of
specialized proteins including ApoB (Bielinska et al., 1999; Zohn
and Sarkar, 2010), similar to enterocytes in the small intestine.
Calumin is highly expressed in the enterocyte (Fig. S4A and B) and
localized to the rough ER, as in visceral endoderm cells (Fig. S4C).
We then attempted to identify calumin-interacting proteins in the
enterocyte toward a better understanding of how calumin func-
tions. Immunoprecipitation of enterocyte microsomes was per-
formed with an anti-calumin antibody. Five bands indicated
were excised and subjected to liquid chromatography coupled
with tandem mass spectrometry (LC–MS/MS) for identiﬁcation
(Fig S5A and B). Interestingly, three of ﬁve molecules, binding
immunoglobulin protein (BIP), ER membrane protein complex
subunit (EMC) 1 and GPI inositol-deacylase are involved in ERAD
(Christianson et al., 2012; Jonikas et al., 2009; Fujita et al., 2006).
Thus, these raised the possibility that calumin contributes to ER
protein quality control as a member of the ERAD system. Then, the
association of calumin with established members of ERAD com-
plexes was examined. Calumin co-immunoprecipitated with p97,
BIP, derlin-1, derlin-2 and VIMP (Fig. 4A). On the other hand, the
interaction of calumin with glucose-regulated protein 94 (GRP94),
OS9, HRD1, GP78, and suppressor enhancer lin12 1 like (SEL1L)
was not detected (data not shown). ER membrane proteins derlin-
1 and VIMP were found to be highly expressed in enterocytes of
the small intestine (Fig. 4B), and co-localized with the rough ER
protein ribophorin (Fig. 4C), consistent with our idea that calumin
operates in the ERAD system. In HEK 293 cells, calumin was co-
immunoprecipitated with ERAD components, as observed in
enterocytes (Fig. 4D). Moreover, we characterized the association
between calumin and ERAD components using sucrose gradient
centrifugation. Calumin, found primarily in fractions 7 and 8, co-
sedimented with p97, BIP, derlin-1, derlin-2 and VIMP (Fig. 4E).
On the other hand, HRD1, SEL1L, and OS-9 were detected primarily
in fraction 11 and GRP94 sedimented in smaller fractions (Fig. S6).
Collectively, it was suggested that calumin is a member of the
retrotranslocon complex composed of p97, derlin-1, derlin-2
and VIMP.
Table 1
Genotype analysis of progeny from calumin heterozygous intercrosses.
Age Wild-type Heterozygous Homozygous
Live Live Live Dead
E8.5 29 57 25 0
E9.5 289 437 206 0
E10.5 14 20 11 1
E11.5 13 12 0 8
E12.5 3 4 0 2
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Requirements of calumin in ERAD activity
Physical associations between calumin and ERAD components
led us to examine to what extent calumin is necessary for the
ERAD system to operate. We performed cycloheximide chase
experiments using HEK 293 cells transiently expressing α1-
antitrypsin null Hong Kong (NHK), a misfolded α1-antitrypsin
variant. Degradation of NHK was attenuated upon calumin knock-
down with two different siRNAs (Figs. 5A and S7A). Furthermore,
the impact of the knockdown on protein transport across the ER
membrane to the cytosol was investigated with cholera toxin (CT).
The amounts of CT A1subunit (CTA1) in the cytosol were reduced
in calumin-knockdown cells relative to control cells (Fig. 5B and
S7B). Meanwhile, the ER lumenal protein GRP94 was detected
exclusively in pellet fractions, indicating that the ER membrane
remains intact in this context and that retro-translocation of
CTA1 across the membrane becomes less efﬁcient upon calumin
knockdown. Knockdown of calumin did not affect expression
levels of retrotranslocon components (p97, derlin-1, derlin-2 and
VIMP), or those of other members of ERAD complexes (GRP94,
OS9, SEL1L, and HRD1) (Fig. 6A). Meanwhile, the protein and
mRNA levels of BIP in calumin siRNA-transfected HEK 293 cells
were raised as well as in derlin-1 siRNA-transfected HEK 293 cells
(Fig. 6A and B). In addition, the splicing of X-box binding protein 1
(XBP1) mRNA, a hallmark of the UPR, was detected in calumin
knockdown and derlin-1 knockdown cells (Fig. 6C). Taken
together, it was suggested that calumin is crucial for ERAD and
that its depletion ends up triggering the ER stress response.
Calumin homozygous mutant yolk sac endoderm cells are under ER
stress conditions
Given that calumin is key to the ERAD activity in HEK 293 cells,
we investigated if defective ERAD accounts for the abnormality of
Fig. 1. Abnormal vasculature in calumin homozygous mutant yolk sacs. (A–D) Photomicroscopic images of wild-type (WT) and calumin homozygous mutant (–/–) embryo
(A), heart ventricle (B), dorsal aorta (C), and yolk sac (D) between E8.5 and E10.5. Abnormal features observed in mutant are indicated by empty arrowhead. Neural tube (N),
dorsal aorta (D), and heart ventricle (H) are indicated by arrow. In (D), the box outlines the region enlarged to the bottom row. The tissue specimens were sectioned and
stained with toluidine blue. Scale bar in (A) and (D) indicates 100 μm. Scale bar in (B) and (C) indicates 20 μm.
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calumin homozygous mutant visceral endoderm cells and, hence,
the embryonic lethality during mid-gestation. We ﬁrst assessed
expression pattern of derlin-1 and VIMP in the wild-type embryo
proper and yolk sac. Derlin-1 and VIMP protein were expressed in
the yolk sac (Fig. 7A) and transcripts of derlin-1, derlin-2 and VIMP
were in the endodermal layer of the yolk sac (Fig. S8A). Derlin-1
and VIMP, localized to the rough ER (Fig. S8B), were co-localized
with calumin in visceral endoderm cells (Fig. 7B), consistent with
their physical associations demonstrated in enterocytes and HEK
293 cells (Fig. 4). It thus seemed that calumin would be an ERAD
component in visceral endoderm cells as well, prompting us to
hypothesize that ERAD dysfunction in calumin homozygous
mutant visceral endoderm cells and the resulting ER stress would
direct cell-fate towards apoptosis. Amounts of BIP, however, were
comparable at E9.0 between calumin homozygous mutant yolk
sacs and their wild-type counterparts (Fig. 7C). We next paid our
attention to the EOR, another type of ER stress response. Con-
sidering NF-κB activation is a hallmark of the EOR, the NF-κB
subunit RelA in the yolk sac was examined. The phosphorylation of
RelA was enhanced in calumin homozygous mutant yolk sacs at
E9.0 (Fig. 7C). Besides, RelA was translocated into the nucleus in
E9.0 calumin homozygous mutant visceral endoderm cells
(Fig. 7D), indicating that NF-κB activity is increased in the mutant
visceral endoderm cells relative to that in controls. Our ﬁndings
demonstrate that in calumin homozygous mutant visceral endo-
derm cells the EOR is activated, while the UPR is not. It has
been reported that morphological alterations including lipid
droplet accumulation (Zhang et al., 2011; Werstuck et al., 2001),
the fragmentation of ER membranes (Chae et al., 2004) and
dissociation of ribosomes from the rough ER (Hitomi et al.,
2003), occur in association with ER stress. It thus would be that
morphological ﬁndings in calumin homozygous mutant visceral
endoderm cells (Fig. 3A–C) represent ER stress-induced pheno-
types. Together, our data suggested that calumin homozygous
mutant visceral endoderm cells suffer from excessive ER stress
that cannot be counteracted by the EOR, resulting in enhanced
apoptosis (Fig. 7E).
Discussion
We here have demonstrated an absolute requirement of
calumin in both embryogenesis and the ERAD activity. Given that
calumin is expressed predominantly in visceral endoderm cells of
the yolk sac and that apoptosis is enhanced in calumin homo-
zygous mutant yolk sacs, the embryonic lethality observed would
be attributable to visceral endoderm cell abnormalities. Yolk sac
endoderm cells play an essential role in the maternal–fetal
exchange of nutrients until the placenta is formed. The endoderm
cells internalize maternal proteins, degrade them in the lysosome
and supply the breakdown products to the embryo for its devel-
opment (Bielinska et al., 1999; Zohn and Sarkar, 2010). This
nutrient distribution by the yolk sac would be lost or severely
disturbed in calumin homozygous mutant embryos, leading to the
developmental retardation. Aberrant vasculature, another feature
of the mutant embryos, would also result chieﬂy from the yolk sac
dysfunction. Indeed, the mutant P-Sp explants themselves are
capable of angiogenesis and hematopoiesis in vitro culture system.
Fig. 2. Calumin is expressed in endoderm cells of the yolk sac. (A) Immunoﬂuorescent imaging of calumin in wild-type embryos with their yolk sacs dissected at E9.5.
Embryos with their yolk sacs were stained with anti-calumin antibody (green). Scale bar: 200 μm. Nuclei were stained with DAPI (blue). (B) mRNA transcription levels of α
fetoprotein (AFP), brachyury, Tie-2, calumin, and β-actin in E9.5 wild-type yolk sacs and embryos are analyzed by RT-PCR. Yolk sac mesodermal (mesoderm) and endodermal
(endoderm) layer were separated by enzymatic and surgical means. AFP, brachyury, and Tie-2 were used as marker for endoderm, mesoderm, and endothelial cells,
respectively. (C) Western Blot analysis for AFP, calumin, and actin in E9.5 wild-type yolk sacs and embryos. (D) Confocal microscopic immunoﬂuorescent imaging of calumin
in wild-type (WT) and calumin homozygous mutant (–/–) yolk sacs dissected at E9.5. Yolk sacs were stained with anti-calumin antibody (green). Scale bar: 30 μm.
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Fig. 3. Accumulation of lipid droplets and ER structural aberration in calumin homozygous mutant endoderm cells of the yolk sac. (A) Electron-microscopic images of E9.5
wild-type (WT) and calumin homozygous mutant (–/–) yolk sac endoderm cells. Arrow indicates lipid droplets. The dashed box outlines the region enlarged to the right.
Scale bar: 2 μm. (B, C) Oil red O (B) and Sudan black B (C) staining of E9.5 wild-type and calumin homozygous mutant yolk sacs. The density of granules stained by Oil red O
(B) or Sudan black B (C) is indicated in the right, respectively. The data represent mean7S.E.M. from 3 to 5 experiments. Statistical differences between the genotypes are
marked with asterisks (*po0.05 and **po0.01 in t-test). Scale bar: 50 μm. (D) Electron-microscopic images of E10.5 wild-type and calumin homozygous mutant visceral
endoderm cells. The box outlines the region enlarged to the bottom row. An arrow indicates ER structural aberration. Scale bar: 500 nm. (E) Mitochondrial conformation
changes in calumin homozygous mutant yolk sac visceral endoderm cells. Electron-microscopic images of E10.5 wild-type and calumin homozygous mutant yolk sac
endoderm cells. Scale bar: 500 nm. (F) Fluorescent imaging of apoptotic cells in E9.5 wild-type and calumin homozygous mutant yolk sacs. Yolk sacs were stained with
TUNEL (green) and Hoechst 33343 (blue). An arrow and an arrowhead indicate visceral endoderm cells and the embryo proper, respectively. The images are representative of
three independent experiments. Scale bar: 25 μm.
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A close relationship between yolk sac functions and vasculature
formation was similarly displayed in Enpp homozygous mutant
embryos (Tanaka et al., 2006; van Meeteren et al., 2006). Enpp
encodes autotaxin. Like calumin mRNA, a large amount of autotaxin
mRNA is detected in endoderm cells of the yolk sac at E7.5–E9.5
(Koike et al., 2009). Enpp homozygous mutant embryos exhibit
angiogenic defects and die around E9.5. This previous report argues
for our idea that the yolk sac integrity is a prerequisite for the
formation of well-organized vasculature. Taken together, our data
indicate that ERAD in yolk sac endoderm cells is key to ER home-
ostasis, and that perturbation in yolk sac functions gives rise to
developmental retardation and, in turn, embryonic lethality.
Like intestinal and hepatic cells, visceral endoderm cells of the
yolk sac serve to absorb and secrete materials (Yoder et al., 1994).
They need well-developed protein quality control machinery.
Indeed, ERAD components, including derlin-1, derlin-2 and VIMP,
were expressed predominantly in endoderm cells of the yolk sac at
E9.5. Furthermore, it was reported that derlin-1 homozygous
mutant embryos display developmental retardation and die
around E8.5 (Eura et al., 2012), in line with our data.
BIP abundance in yolk sac endoderm cells was compar-
able between calumin homozygous mutants and their wild-type
counterparts. Given that the yolk sac synthesizes and secretes
some of the plasma proteins, the ER in yolk sac endoderm cells
would be heavily loaded and, hence, would keep up-regulating BIP.
As a result, impairment of ERAD due to loss of calumin did not
further raise the protein levels of BIP. In support of this idea, PKR-
like ER kinase (PERK)-mediated UPR signaling arm is continuously
active in the pancreas, comprised of a wide range of secretory
cells (Harding et al., 2001). Interestingly, the EOR was induced in
calumin homozygous mutant yolk sac endoderm cells, which
might protect the cells against excessive ER stress, due, at least
in part, to ERAD dysfunction. The EOR's cytoprotective activity
(Marciniak and Ron, 2006), however, would not be high enough to
overwhelm cell death machinery, resulting in enhanced apoptosis
in calumin homozygous mutant yolk sacs.
Our previous studies demonstrated that the Ca2þ content
within the ER is signiﬁcantly reduced in calumin homozygous
mutant mouse embryo ﬁbroblasts (Zhang et al., 2007). It was thus
assumed that the UPR in calumin siRNA-transfected HEK 293 cells
is elicited by decrease of Ca2þ in the ER. This was, however, not
the case: calumin knockdown had little, if any, impact on both
Ca2þ release from the ER and the subsequent store-operated Ca2þ
inﬂux (Fig. S9). The UPR in the calumin knockdown cells would be
Fig. 4. Calumin associates with component molecules of ERAD. (A) Immunoprecipitations from 2.5% digitonin lysate of enterocyte microsomes with anti-calumin antibody
(calumin) and normal rabbit IgG (control). Western blots were probed with antibodies for p97, BIP, calumin, derlin-1, derlin-2 and VIMP. (B) Immunoﬂuorescent staining of
derlin-1 and VIMP in proximal small intestines. Small intestines were stained with anti-derlin-1 or anti-VIMP antibody (green). Scale bar: 50 μm. Nuclei were stained with
DAPI (blue). (C) Dual immunoﬂuorescent staining in small intestines. Small intestines were stained with anti-ribophorin antibody (green) and anti-derlin-1 or VIMP antibody
(red). Scale bar: 10 μm. (D) Immunoprecipitations from 2.5% digitonin lysate of HEK 293 cells with anti-calumin antibody and normal rabbit IgG. Western blots were probed
with antibodies as well as (A). (E) Characterization of proteins associated with calumin by sucrose density gradient centrifugation. p97, BIP, calumin, derlin-1, derlin-2 and
VIMP in each fraction were detected by western blotting. Sucrose concentration for each fraction is shown in the right.
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Fig. 5. Downregulation of calumin expression inhibits degradation of NHK-HA and retro-translocation of the cholera toxin A1 subunit. (A) The degradation of NHK-HA in
control and calumin (1649) siRNA-transfected HEK293 cells. Cells were incubated with 50 μg/ml cycloheximide and chased for the indicated periods. NHK-HA was resolved
by electrophoresis and analyzed by immunoblotting with anti-HA antibody. NHK-HA band density at 0 h was normalized with the values of control siRNA-transfected HEK
293 cells (middle). The relative amount of NHK-HA at different times was plotted relative to the intensity observed at 0 h (right). (B) Retro-translocation assay of cholera
toxin. Control or calumin (1649) siRNA-transfected HEK 293 cells were incubated with 10 nM cholera toxin (CT) for 45 or 90 min at 37 1C. Cells were permeabilized and
centrifuged. The supernatant and pellet fractions were resolved by electrophoresis and analyzed by immunoblotting with antibody for heat shock protein 90 (HSP90), CT, and
GRP94. Summarized immunoreactivity of CT A1 subunit (CTA1) in supernatant normalized with the values of control siRNA-transfected HEK 293 cells intoxicated CT for 45 or
90 min is shown in the right. The results were quantiﬁed with an image analyzer and are shown as mean values7S.E.M from four independent experiments. Statistical
differences between control and calumin (1649) siRNA-transfected HEK 293 cells are marked with asterisks (*po0.05 and **po0.01 in t-test).
Fig. 6. BIP and XBP-1 splicing are induced in calumin-knockdown HEK 293 cells. (A) Protein expression levels of GRP94, OS9, p97, SEL1L, HRD1, BIP, calumin, actin, derlin-1,
derlin-2, and VIMP in HEK 293 cells treated with control, calumin (1649), and derlin-1 siRNA. The expression levels of each protein were analyzed by western blotting using
speciﬁc antibody. Summarized immunoreactivity normalized with the values of control siRNA-transfected HEK 293 cells is shown in the right. (B) Quantiﬁcation of mRNA
transcription level for actin and BIP in HEK 293 cells treated with control, calumin (1649), and derlin-1 siRNA by real-time PCR. (C) Analysis of XBP-1 splicing in HEK 293 cells
treated with control, calumin (1649), and derlin-1 siRNA. The data represent mean7S.E.M. from four experiments. Statistical differences compared control siRNA-
transfected HEK 293 cells are marked with asterisks (**po0.01 in t-test).
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initiated by accumulation of malfolded proteins resulting from
ERAD dysfunction. Given that activation of NF-κB, which is closely
associated with Ca2þ mobilization from the ER (Pahl, 1999;
Pahl and Baeuerle, 1997), was observed in calumin homozygous
mutant yolk sac endoderm cells, Ca2þ homeostasis would likely be
maintained without calumin.
Conclusions
We have demonstrated that the ER transmembrane protein
calumin contributes to embryogenesis by maintaining the viability
of yolk sac endoderm cells through ERAD. Calumin homozygous
mutant embryos exhibit developmental delay and die at the mid-
gestation, which would be closely associated with the disturbance
in visceral endoderm cell functions caused by defective ERAD
activity.
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Fig. 7. The physiological importance of ERAD and calumin in yolk sac endoderm cells. (A) Immunoﬂuorescent imaging of derlin-1 and VIMP in wild-type embryo with its
yolk sac dissected at E9.5. Embryos with their yolk sacs were stained with anti-derlin-1 or anti-VIMP antibody (green). Scale bar: 200 μm. Nuclei were stained with DAPI
(blue). (B) Dual immunoﬂuorescent staining in wild-type yolk sacs dissected at E9.5. Yolk sacs were stained with anti-calumin antibody (green), and anti-derlin-1 or anti-
VIMP (red). Scale bar: 10 μm. (C) Western blot analysis for BIP, phosphorylation of RelA (pRelA), RelA, calumin, actin, derlin-1, derlin-2, and VIMP in E9.0 wild-type (WT) and
calumin homozygous mutant (–/–) yolk sac at E9.0. Phosphorylation of RelA was assessed by antibody detecting p65 (RelA) phosphorylated at serine 536 or serine 276. The
asterisk represents a nonspeciﬁc band. Summarized immunoreactivity normalized with the values of wild-type yolk sac cells is shown in the right. The data represent
mean7S.E.M. from 4 to 5 experiments. Statistical differences between the genotypes are marked with asterisks (*po0.05 and **po0.01 in t-test). (D) Immunoﬂuorescent
staining of RelA in wild-type and calumin homozygous mutant yolk sacs dissected at E9.0. Yolk sacs were stained with anti-p65 (RelA) antibody (green) and DAPI (blue). Scale
bar: 10 μm. (E) Schematic summary of calumin function in yolk sac endoderm cells. Calumin plays a pivotal role in sustaining the viability of yolk sac endoderm cells through
ERAD. Calumin homozygous mutant embryos exhibit developmental delay and die at the mid-gestation, which would be closely associated with the disturbance in visceral
endoderm cell functions caused by defective ERAD activity.
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